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Introduction
The population of the Sahel region of West Africa has approximately doubled in the past 50 years, and could potentially double again by the middle of this century. This increase will put ever more pressure on the already limited water and agricultural resources in the region. In recent years, food production has indeed increased, but this has been mostly due to increases in the surface area cultivated (230 %) rather than actual yield (42 %) (Blein et al. 2008) . This increase has led to the expansion of agricultural and pasture areas at the expense of natural savanna and forests (e.g. Leblanc et al. 2008) , leading to widespread land use and land cover change (LULCC). These changes can lead to land degradation, and some of the most general causes are overgrazing, continuous cropping, deforestation for firewood, and mismanagement of soil and water resources.
The land surface has been shown to be an important factor in modulating the West African monsoon (WAM). For example, based on observations, the land surface characteristics and processes have been shown to have a significant impact on the inter-annual variability of rainfall in the Sahel region (Nicholson 2013) . The importance of surface-atmosphere interactions was one of the main tenets of the recent international African Monsoon Multidisciplinary Analysis (AMMA) project (Redelsperger et al. 2006) and was investigated in several studies (see Taylor et al. 2011 , for a summary). This region typically appears as one where the soil moisture feedbacks with the atmosphere are among the strongest over the globe (e.g. Dirmeyer 2011) . Using an ensemble of state-of-the-art global climate models (GCMs), the Sahel region has been identified as one of strong soil moisture-atmosphere coupling (Koster et al. 2004 ). In addition, it has been determined to be the region of the world with the highest impact of biophysical processes on the climate (Xue et al. , 2010b . Indeed many numerical studies have shown the importance of the land surface on modulating the WAM (for a review, see Xue et al. 2012 ). For example, previous studies have examined the role of changes in the surface albedo (e.g. Charney 1975; Sud and Fennessy 1982; Laval and Picon 1986 ) and the vegetation (e.g. Xue et al. 1990; Xue 1997; Zheng and Eltahir 1997; Li et al. 2007 ) on modulating the WAM. All of these studies lead to the general conclusion that reduced vegetation leads to reduced rainfall. Most of these studies were based on sensitivity experiments using single GCMs and land surface models (LSMs), which have model-specific LULC classifications, with idealized and sometimes extreme LULCC scenarios.
There is increasing evidence from numerical studies that anthropogenic LULCC can potentially induce significant variations on the local to regional scale climate (Pielke et al. 2011 ). However, the IPCC's Fifth Assessment lacked a comprehensive evaluation of the relative impact of biogeophysical feedbacks of LULCC on regional climate (Mahmood et al. 2014) . This is primarily due to oversimplifications and limits to how some key biogeophysical surface processes are represented in the LSM component of GCMs, and how LULC is represented in such models. The recent Land-Use and Climate Identification of robust impacts (LUCID) experiment (Pitman et al. 2009; de Noblet-Ducoudré et al. 2012 ) examined the biogeophysical impacts of prescribed, global-scale LULCC using an ensemble of coupled GCMs and LSMs. The goal was to identify impacts that were statistically robust, primarily in terms of being detectable, common among the different models, and above the models' internal variability. LULCC was prescribed based on historical data, with changes based on the time period starting with the beginning of the industrial revolution to present day conditions. LSM models modified their land cover (following their own classification) on the non-crop areas in order to adhere to these changes as much as possible. There turned out to be considerable discrepancy among the models in terms of their response to LULCC, particularly in terms of the Bowen ratio. In addition, LULCC-induced changes in surface sensible heat and latent heat fluxes had opposite signs in some regions among the different models. Reasons for discrepancies are likely related to differences in the land surface parameterizations: for example, how soil moisture is taken up by transpiration, the treatment of turbulence in the surface layer, vadose-zone hydrology and surface runoff production, and the use of dynamic verses prescribed vegetation. The definition of land use classes can also be a source of significant differences. For example, a crop class in one model might be represented as natural grasses in another model: not only can this result in important differences in the values of certain key biogeophysical parameters, it can also cause differences in terms of the imposed seasonal evolution of these parameters. In addition, two models might use the same class for a given vegetation cover, but very different values of the same parameters that characterize the vegetation (such as structural parameters). Different modeling groups have developed special methodologies for changing land cover distributions, which can lead to discrepancies. Another obvious source of differences results from inter-model variations of the simulated coupling strength between the surface and the atmosphere (Koster et al. 2004 ). In addition to being related to the LSM physics, the coupling strength is also influenced by the physical parameterizations in the different host atmospheric models, notably the parameterizations of planetary boundary layer (PBL, turbulence), convection, clouds, and atmospheric radiation.
One of the main goals of the West African Monsoon Modeling and Evaluation project phase II (WAMMEII) is to provide a basic understanding of LULCC forcing on the regional climate of West Africa (Xue et al. 2016, this issue) . The strategy is to apply observational data-based anomaly forcing, i.e., "idealized but realistic", in GCM and RCM simulations. The prescribed LULCC is based on data from Hurtt et al. (2006) which was used to design a maximum feasible degradation scenario, which will be discussed in Sect. 2.1. In the current study, 5 state-of-the-art GCMs are used in order to study a range of model responses to a common LULCC scenario with a focus on West Africa. In addition, two GCMs use the same LSM (so presumably differences only arise owing to atmospheric effects between these two models), and two models performed two simulations with varying degrees of LULCC. The model intercomparison results for RCMs are reported by Hagos et al. (2014) and Wang et al. (2015) . This paper is organized as follows: the methodology for imposing LULCC for multiple GCMs is summarized in Sect. 2, results are presented in Sect. 3, a summary of the main impacts of LULCC on the WAM are summarized in Sect. 4, along with the conclusions of this study.
Experimental design

LULCC methodology
The definition of a control vegetation map is a complicated issue owing to many factors. Due to the errors in satellite data acquisition, data processing, information extraction methodologies, inadequate ancillary training data, as well as the relatively course resolution in current climate models, current satellite-derived vegetation maps have difficulties with respect to adequately present realistic LULC information. This is especially true over West Africa, where the agricultural areas are generally poorly classified. These potential vegetation maps are often based upon remote sensing-produced vegetation maps. This is the current status of terrestrial remote sensing (e.g. Kim et al. 2015) , and the experimental design has to take this into account. Thus, in the current study, LULCC is applied to the default current map for each model (which for many models consists in either constant class-based vegetation indices or some sort of climatological annual cycle). The LULCC experiment uses combined crop and pasture fraction changes from Hurtt et al. (2006) . This data set was used by the 5th Assessment Report (AR5) of the Intergovernmental Panel on Climate Change (IPCC 2014) and was used in the Coupled Model Intercomparison Project (CMIP5) project (Taylor et al. 2012a, b) . Note that the dataset used in this study is based on land use change that occurred from 1950 to 1990 which showed a dramatic land degradation in West Africa and became less pronounced (more flat) afterwards (Song 2013) . The data has been translated into LULCC for each of the models participating in the present study. Note that the actual changes in land use are not conserved when transformed into model parameter space because each model has their own implementation strategy. Thus, the total LULCC is meant to represent the maximum feasible total amount of degradation resulting from anthropization (i.e. the conversion of natural vegetation, mainly savanna and low trees or shrubs, to cropland or pasture). This is an important distinction from some of the studies mentioned in the previous section (Pitman et al. 2009; de Noblet-Ducoudré et al. 2012) , which can potentially include regions where vegetation has returned to a so-called natural state. In addition, another important distinction is that this study prioritizes degradation that is consistent in terms of the biogeophysical response of the surface, as opposed to a consistent land classification change. This is done because two models can impose similar LULCC but produce very different results in terms of the biophysical response, i.e. the values of surface physiographic parameters.
The land cover is only changed over West Africa within the Sahel and over an area extending southward of the Sahel which mainly covers the extreme eastern portions of Guinea and Liberia, Ivory Coast and Ghana. Note that there can be some ambiguity when applying such definitions to West Africa: distinguishing between pasture and cropland can be difficult in this region since animals will oftentimes graze in crop fields after harvest (P. Hiernaux, personal communication) . This data set, however, represents the current state-of-the-art on the global and therefore it is used as guideline to provide a maximum reasonable LULCC scenario. A simple methodology has been developed using the following criteria:
1. Making consistent LULCC in vegetation maps among models. Also, since significant differences are caused by different map spatial resolutions, a specified LULCC region that is broad enough to be used by even the most coarse resolution models (and has a relatively simple geometrical configuration) was defined. The maximum land class change permitted within a particular grid cell was constrained to be less than or equal to the maximum change estimated from the historical land use data set used in this study over the Sahel for the specified time period.
2. Proposing the modifications to the land class in the grid points associated with LULCC based on historical land use change information, and determining a set of corresponding surface parameters after careful coordination with each of the different modeling groups. 3. Maintaining a consistent meridional gradient of the LULCC in terms of the surface vegetation distribution, in an attempt to ensure that the prescribed changes to the surface parameters truly correspond to a consistent degradation in the land maps among the models.
LULCC implementation
Five GCMs participated in this experiment, and they are listed along with their corresponding LSM in Table 1 . Two distinct GCMs used at the University of California at Los Angeles (UCLA) contributed simulations to this study: the UCLA AGCM and the UCLA GFS (referred to hereafter as UCLA-GSM). HadGEM2 represents the Hadley Centre Global Environmental Model, version 2. The GEOS-5 (the version 5 of the Goddard Earth Observing System Model) of the Global Modeling and Assimilation Office at NASA/ GSFC is referred to as GMAO in this paper. CAM5 refers to the National Center for Atmospheric Research (NCAR) Community Atmospheric Model version 5. See Table 1 for a complete set of references for all of the models used in this study. In the control (CTL) experiment, the native "climatological" vegetation map (or set of biogeophysical parameters) is used by the model groups. The only difference between the forcing used in the LULCC experiment, here to after referred to as Exp. LULCC, and Exp. CTL results from changes to the land cover. The LULCC is defined as the difference in total crop and pasture fraction between 1990 and 1950, and it is shown in Fig. 1 . Since our focus is on the Sahel, the LULCC is only imposed within the bounded region enclosed by purple lines. This region encompasses the Sahel, where population and pressure on limited water resources are expected to increase the most over the upcoming decades. Another region covering the Ivory Coast and Ghana is also included because the land use change is marked in this region. The mask is relatively simple geometrically in order to accommodate the varying model grid resolutions and to facilitate both the implementation in the models and analysis of the impacts. In Edwards and Slingo (1996) Tiles ( 
Fig. 1
The LULCC is applied within the zone bounded by the purple lines. The color scale corresponds to the fractional change in the combined crop and pasture fractions. This region includes the Sahel, but also Ivory Coast and Ghana (south of 10° N) owing to the significant LULCC in that region addition, climatological sea surface temperatures (SST) are used. Each experiment runs for 6 years starting on January 1, 2006, but the first year is regarded as spin-up and is therefore removed from the analysis.
The basic LULCC map was first provided to participants. The land cover fraction change is limited to 30 % in the current study. This threshold was selected in order to avoid any isolated grid points with had anomalously high LULCC that could produce small scale noise in the GCM response since, as seen in Fig. 1 , only a few relatively small areas have changes larger than this threshold. This limit was imposed also under the consideration of the selection criteria number 3. After testing the LULCC within the different vegetation maps used by the models, this criteria seems to serve the best to produce a reasonable gradient. The next step was to compare the control and modified LAI and albedo fields across the modeling groups to ensure that the land class changes result in surface changes that are as consistent as possible among the different models. If a change was found to be inconsistent with the other models or not representative of a degradation, further modifications were made to the land cover in order to obtain a similar biogeophysical response. Potentially several iterations with each participating group were used to achieve this goal.
There are essentially two different strategies for defining surface parameters as a function of land use in the models used in the present study. The UCLA-AGCM and UCLA-GSM use the Simplified Simple Biosphere (SSiB; Xue et al. 1991) LSM and the corresponding land use classification map (look-up table) for assigning surface properties (the dominant class for each grid box). These models used the standard SSiB vegetation map (12 types) which is based on AVHRR data and is fixed over time (Hansen et al. 2000) . The LAI and vegetation albedo climatological annual cycles are prescribed for each vegetation class. Soil albedo is also fixed over time for the current study. The LULCC consisted in replacing a fraction of (1) broadleaf trees with ground cover to broadleaf shrubs with baresoil, (2) low vegetation-ground cover to baresoil, and (3) broadleaf shrubs and baresoil to baresoil. An example of the impact of LULCC is shown in Fig. 2 . Essentially, forests become grassland/crop regions, and savanna or semi-arid transition zones become mainly bare soil regions. This represents the most simple LULCC implementation. Upon examination of this and the other WAMME GCMs' vegetation maps (not shown), it becomes apparent that they are no more than general potential vegetation maps. Thus, it is hard to draw LULCC information from them when compared with the vegetation maps in the 1980s, such as that of Kuchler (1983) .
The second LSM strategy can represent multiple LULC within the same grid box using specific sub-grid tile fractions. The HadGEM Met Office Surface Exchange Scheme (MOSES; Essery et al. 2002) uses the International , we have changed classes 6-9 (broadleaf trees with ground cover to broadleaf shrubs with baresoil), 7-11 (ground cover to baresoil) and 9-11 (broadleaf shrubs and baresoil to baresoil) over the masked zone Geosphere-Biosphere Programme (IGBP) global land cover classification (IGBP 1992) with 9 classes. The back ground soil/litter albedo varies in space (Houldcroft et al. 2009 ) and is independent of land cover class. The vegetation albedo is fixed for each of the 9 classes, and has no temporal variation. The initial LAI values at the start of the 6-year integration period are derived from MODIS satellite products. The MOSES vegetation phenology module was activated, thus the LAI varies in time for each of the tiles (classes present in this zone). The impact of the LULCC on the land cover can be summarized as follows: broadleaf trees decreased by upwards of 30 %, and grasses decrease by approximately half that value, where the existing ratio of C3-C4 grasses was held constant for each grid cell. Shrub lands decrease in the northern Sahel, but increase to the south (mostly in place of decreased forest). The baresoil fraction increases upwards of 30 %. Two LULCC scenarios are analyzed in the current study. For the default LULCC study, the background soil/litter albedo was increased (to be more like values further north: the values were adjusted so that the Sahel average equals 0.35). This resulted in local changes as high as 0.15, but the average increase over the LULCC zone is approximately half of that value). In the sensitivity test (HadGEM-w: see Sect. 3.4), the background albedo was unchanged.
The CAM5 surface scheme (Common Land Model or CLM; Oleson et al. 2008) can represent up to 17 subgrid tiles within each grid cell (with 16 being plant functional types or PFTs). It was developed for CLM by Lawrence and Chase (2007) and it uses MODIS-based data for trees, and IGBP data for shrubs and grasses, and data from Ramankutty et al. (2008) for crops. For the current study, LAI varies on a daily basis based on linear interpolation of monthly varying LAI, and the annual cycle is fixed for all 6 years. The soil albedo dynamic range (for moisture saturated and totally dry conditions) is specified, and it varies in time as a function of soil moisture. The soil albedo at saturation is entirely determined by soil color which is an independent spatially varying field. The LULCC consisted in changing the forest (PFTs 5 and 7) to grass (PFT 15), and shrub (PFT 11) to baresoil (PFT 1) within the masked zone. The sum of deforestation and desertification areas was limited locally to 30 %. The soil color was modified to obtain albedo changes similar to the other models.
The GMAO surface scheme (Catchment Land Surface Model, CLSM: Koster et al. 2000) uses 6 tiles. The LAI and Greenness fraction (Grn) monthly climatologies are from global satellite observations along with a model-based surface albedo which has been scaled to match the mean seasonal cycle of MODIS satellite observations. Compared to the other GCMs, the GMAO uses a different methodology for assigning parameter values. A vegetation map that evolves in time during the integration (the CTL LULC is from 1952 to 1957) is used. Within the LULCC domain, LAI and albedo vary inter-annually as a result of the time varying tile fractions, while outside of the domain a fixed annual cycle was used. The LULCC for the sensitivity test (GMAO-w; see Sect. 3.4) used the GMAO default longterm integration setup for which only the tile fractions are varied based on data from Hurtt et al. (2006) . As it turns out, the sensitivity of surface fluxes to vegetation classes is significantly smaller than that of the prescribed LAI, Grn, and albedo data. Thus, the default LULCC experiment in the current study (referred to as GMAO) required the development of a parameter data set to mimic land use change/ degradation over a period of 50 years. In the LULCC experiment, the LAI was approximately halved and the albedo was approximately doubled compared to GMAOw. This underscores the difficulty in developing a consistent LULCC, especially in terms of the vegetation structural parameters and coverage.
Experimental protocal
The CTL experiment protocol is described in detail in Xue et al. (2016: this issue) , so only a brief summary is provided herein. GCM models are initialized on January 1, 2006, and then run for 6 years. Time varying sea surface temperatures from correspond to a single climatological annual cycle. The first year results are discarded to minimize the potential impact of model spin up. Since the main forcings are the same for all 6 years, the remaining simulations are treated as a 5-member ensemble for each model when doing the results analysis. The atmospheric initial conditions are from the NCEP/DOE (National Center for Environmental Prediction-Department of Energy) Reanalysis II (Kanamitsu et al. 2002) . The LULCC experiment uses the same initial conditions and SST forcings, the only difference is in the land cover parameters within the LULCC zone over West Africa.
Results
In this section, "differences" are computed by subtracting mean variables obtained in Exp. CTL from those obtained in Exp. LULCC. The impact of LULCC was found to be largest mainly during the peak monsoon months (here meaning peak Sahelian climatological rainfall, i.e. JAS: July, August, September). In the CTL and LULCC experiments, 61 and 63 %, respectively, of the annual rainfall within the Sahel and Ghana regions (LULCC area shown in Fig. 1 ) averaged for the 5 GCMs fell during this 3 month period. Therefore, the analysis presented in this study focuses on JAS averages. Note that since the prescribed SSTs are climatological, the last 5 years of the six-year simulations are used as a 5-member ensemble for each of the GCMs and for the multi-model ensemble for computing statistics. A two-tailed student t test is used to test for significance of the local mean values at the 5 and 10 % confidence levels. The significance levels are computed using the pool permutation procedure (PPP), which has been used to inter-compare global multi-model results (e.g. Santer and Wigley 1990) . This method accounts for the effects of multiplicity and spatial autocorrelation, and provides estimates of field significance level (p value) for a given number of permutations: 1000 were used to compute statistics in the current study. The impact of LULCC is mainly confined to the region referred to herein as the analysis domain where surface properties were modified, therefore the aforementioned statistics were computed over the domain from 5° to 20° North latitude, and −10°-30° East longitude.
Impact of LULCC on surface properties
The following analysis focuses on two key land surface parameters that have similar meanings among the LSMs and can be estimated from satellite data: (1) the surface albedo, and (2) the LAI. The albedo controls the total enthalpy flux exchange with the atmosphere (a larger albedo implies less energy available for surface turbulent fluxes of heat and/or moisture) and is therefore linked to moist convection, while the LAI modulates the Bowen ratio (defined as the ratio of sensible to latent heat flux) for regions where the vegetation coverage is significant. The CTL LAI averaged for July-August (JAS) during 5-year simulation is shown in Fig. 3 (left column) for the 4 different models (the two UCLA GCMs have the same land map and land data set). Several features can be highlighted. The UCLA GCMs have the largest average LAI values (approximately 4.1 m 2 m −2 ) in the LULCC region, by nearly a factor of 2, on average, compared to the other models. The remaining models, which use the tile approach, have generally lower values and a smoother meridional gradient across the Sahel. The CAM5 and GMAO models have very similar LAI values and spatial distributions, except just south of 10° N. In this region, GMAO has relatively low LAI values corresponding to sparse grass. Finally, the HadGEM LAI has nearly the same spatial distribution as for the CAM5 GCM, but with values that are approximately 50 % higher. This highlights how both the values and spatial distributions of observable biogeophysical parameters can vary among the models. The impact of the LULCC on the LAI is shown in Fig. 3 (right column) . The models using the single dominant vegetation type per grid box (UCLA) have a significant relative change in LAI (slightly over 3 m 2 m −2 ) along the southern Sahel, Ivory Coast and Ghana. Despite the fact that the HadGEM has a larger LAI than GMAO, the LULCC is quite similar in magnitude and spatial distribution. The CAM5 changes are the weakest in terms of magnitude. This is significant since changes in this parameter generally can have a particularly large impact on the Bowen ratio in water-limited regions (Pielke et al. 2011) .
The difference between the JAS average in the Exp. CTL and Exp. LULCC total effective surface albedo is shown in Fig. 4 . This parameter is defined as the ratio of the total reflected shortwave radiation to the downwelling flux at the surface. In all cases, the albedo increases in response to degradation. However, the degree of change varies significantly among the models. In terms of the default LULCC, the HadGEM (Fig. 4f) has the largest changes (locally upwards of 0.15, although the regional scale average is approximately half this value). Peak changes in the UCLA models are also significant (Fig. 4a, b) , with values of 0.09 (the domain-average change is larger in UCLA-GSM). The CAM5 (Fig. 4g ) model has slightly lower changes (upwards of 0.06), but some areas with very small changes are interspersed. Note that by simply imposing the prescribed land class changes, the albedo increased by approximately 3 times less than the values shown in Fig. 4g , thus the soil color was also modified in order to obtain the changes used in this study. This underscores once again the subtleties required to obtain a consistent response in terms of biogeophysical properties to LULCC among models. The GMAO model has peak albedo changes in the northernmost, driest portion of the Sahel, in contrast to the other models. This feature turns out to be significant in terms of the LULCC impact (as discussed in subsequent sections). Finally, both GMAO and CAM5 show little change in albedo over the Ivory Coast-Ghana regions, in contrast with relatively significant LAI decreases. It should be pointed out that in the early study by Charney et al. (1977) , a dramatic albedo change (0.21 over the entire longitudinal band centered over the Sahel) was prescribed in order to obtain a significant response. This specification has been used as evidence to discredit the potential role of LULCC in terms of Sahel drought. Later observation-based studies (e.g. Nicholson et al. 1998; Govaerts and Lattanzio 2008) have suggested that albedo changes over the Sahel of around 0.1 (with locally higher values upwards of 0.15 in the latter study) over the period of several decades are possible. In these studies, the albedo increases were found to be mainly related to differences between relatively wet and dry years. Currently, we can distinguish whether these changes were due to natural or anthropogenic causes, and/or both. In terms of total area impacted by LULCC, notable changes to LAI and albedo extend to the southern limit of the desert (Figs. 3, 4 , respectively) there by covering most of the LULCC zone shown in Fig. 1 for four of the models (the two UCLA models, HadGEM and CAM5). The total area impacted for the GMAO model cover the entire region of imposed LULCC (Fig. 1) since albedo changes also occur in the desert region (Fig. 4f) .
Impact of LULCC on surface fluxes
The first order impact of the change in land cover is on the surface fluxes. The results for the surface fluxes are only presented over West Africa, since there was virtually 5 . Four of the five models simulate a significant LE meridional gradient, in relation to the rainfall, in the Sahel (between 10° and 20° N). The CAM5 model simulates LE and rainfall further north than the other models, along with the lowest latent fluxes over the entire region. In contrast, the GMAO model simulates peak LE over West Africa along the southern coast. The UCLA models show a distinct minimum of LE near southern Ghana, Togo and Benin, so that the main rainfall band is further inland. The HadGEM is an intermediate case (peak rainfall between the UCLA and GMAO models). The position of the WAM and its intensity (characterized by the rainfall) varies considerably among GCM models (examples from recent inter-comparison projects: Hourdin et al. 2010; Roehrig et al. 2013) . The JAS average change in surface net radiation, Rnet, latent heat flux, LE, and sensible heat flux, H, are shown in Figs. 6, 7, 8, respectively. The green contour line encloses regions where the differences are significant at the 95 % confidence level for a two-tailed student t test. A statistical summary is shown in Table 4 . The percentage of the analysis domain for which are significant above the 90 and 95 % confidence levels using a two-tailed student t test are referred to as NT10 and NT05, respectively. The corresponding p-values from the PPP test (given in parenthesis) indicate the significance level. The signature of the albedo change in terms of Rnet (Fig. 6 ) is clearly seen in four of the five models. The exception is CAM5, for which Rnet is only impacted in a small zone over the extreme west and another over western Sudan. This means that for this model, other factors controlling the Rnet (such as changes in the upwelling surface longwave radiation and downwelling fluxes) are compensating the albedo changes over most of the Sahel. The multi-model average, GCMA, changes are shown in Fig. 7f , and the signal is fairly robust over (and slightly outside of) the entire LULCC region (Fig. 1) . The changes in LE are shown in Fig. 7 . The HadGEM LE decreases result almost entirely from the Rnet reductions. Comparison with the CTL LE (Fig. 5 ) reveals that the relative reduction generally ranges from approximately 10-30 % over the Sahel. For both UCLA models, the LE decreases are equal to or even exceed the Rnet decreases (in the extreme western Sahel for UCLA-GSM, with LE reductions upwards of 50 %, and over the Ivory Coast region for the UCLA-AGCM, with LE reductions there on the order of 30 %). Owing to surface energy budget conservation, these two models have increases in the sensible heat flux, H, over the aforementioned regions (see Fig. 8a , b) that are related to significant changes in the Bowen ratio (resulting mainly from significant reductions in LAI, see Fig. 4a, b) . The Rnet signature is weak in the GMAO LE, since the albedo changes occurred mostly north of the area receiving precipitation. The only areas with notable LE decreases are over the extreme western Sahel and southern Ivory-coast and Ghana regions, associated with reduced LAI. The CAM5 LE is reduced along the southern Sahara: this turns out to be related to a significant southward shift in the WAM for this model (more details will be given below). Note that LE increases in a thin band from southern Mali eastward through southern Chad primarily because of slightly higher rainfall over these regions in Exp. LULCC. The LE is not significantly influenced by the LAI since it is only slightly reduced in this region for this model. The GCMA LE reduction is statistically significant over vegetated regions. The NT05 and NT10 p values (Table 4) for LE are less than or equal to 0.05 for all of the five of the GCMs and the GCMA, which indicates they are significant. Thus, the impact on LE is strong among all of the models. Three of the models (UCLA-AGCM, GMAO and HadGEM) produce an east-west band of H decreases along the northern Sahel (Fig. 8) where little to no rainfall occurs, which results mainly from the reduction in Rnet (compare Figs. 6, 8) . Thr UCLA-GSM has a similar feature, but it is considerably smaller in area (over the easter Sahel) but still statistically significant at the 95 % confidence level. In CAM5, a small zone of H increases in the northern Sahel is related to decreases in LE: again, this results is primarily due to a notable southward shift of the WAM in the LULCC run so that H increases are mainly caused by decreased rainfall:changes in the turbulent fluxes are mostly confined to the northern fringe of the LULCC zone. The GCMA H reductions along the northern Sahel and increases to the south are statistically significant at the 95 % confidence level. The NT05 p values (Table 4) for H are quite significant for four of the five models (≤0.01). The HadGEM model results are the exception, with p values which are just within levels showing significance. This is consistent with the fact that the changes in available energy (caused by the largest albedo increase among the models) at the surface translate mostly into LE changes for this model. This is also reflected in the near surface air temperature p values (Table 4) : only the HadGEM does not have significant p values owing to relatively little increased sensible heating of the lwoer atmosphere owing to LULCC. Values of the relative changes in the JAS surface fluxes averaged over the LULCC zone (Fig. 1) are shown in Table 2 (note that the results in the last 2 rows will be discussed in Sect. 3.4). The LE and Rnet values decrease for all five models when LULCC is imposed. The Rnet reductions are proportional to the albedo increases (Fig. 4) . The LE relative reductions are between 16 and 28 % for three of the models (UCLA-GCM, UCLA-AGCM and HadGEM). The H increases for the two UCLA models owing to the significant effect of the decrease in vegetation coverage and density, while in the HadGEM, H slightly decreases since this model is dominated by the largest Rnet reduction. The CAM5 and GMAO models have a less significant impact of LULCC on H. Finally, the Rnet changes are significant (NT05 p values at or below 0.03) for all of the GCMs (Table 4 ). The CAM5 NT10 p value (0.10) is the least significant among the models, and the corresponding area of the analysis domain is considerably smaller (at least half the size of the next closest model) than that for the other models, thus the albedo change impact is less in this GCM. In order to better understand the impact of the surface parameter changes on the fluxes, the JAS average latent heat flux, LE, change verses the LAI difference (LULCC less the CTL value) within the LULCC zone is shown in Fig. 9 . The linear regression fit is shown (red line), and the corresponding residual standard error (RSE: mm day −1 ) and the correlations are shown in Table 3 . All of the listed correlations are statistically significant to a p value <0.01 (two tailed probability) except for the correlation between LE and albedo for the CAM5 model. Note that the UCLA GCMs use only a few discrete values of LAI, therefore the meaning of a correlation is more ambiguous for this variable, but there is a fairly linear relationship. The LAI reduction tends to be lowest in the northern part of the LULCC zone, where evapotranspiration tends to be lower (owing to lower LAI but also to less rainfall). The linear regression slopes are similar (ranging from 0.21 to 0.39) in four of the five models. This implies that a significant portion of the evaporation is from the vegetation. However, the scatter is likely due to the fact that bare soil evaporation is non-negligible, especially for tile schemes, and owing to the influence of precipitation on LE. The UCLA models also have the largest LAI decreases: UCLA-AGCM has the highest correlation between LE and LAI changes (0.88) and the second lowest value of RSE (indicating relatively little scatter about the linear fit). In contrast, the UCLA-GSM has a moderate value for correlation, but the largest RSE among the models. For the CAM5 model, a good deal of the rainfall falls in regions with little vegetation in the CTL run, Reference area: LULCC area enclosed by a contour in Fig. 1 The last two rows correspond to sensitivity runs by two models with a weaker LULCC impact on the biogeophysical parameters of the land surface model (see Sect. ) for all grid points within the LULCC zone ( Fig. 1) for each GCM. Regression lines are shown in red, and the slope and intercept are given but, there is more rainfall coincident with vegetation owing to the southward shift of the monsoon in the LULCC run. These factors lead to a negative correlation. The HadGEM shows a weaker link between LAI and LE as seen by the relatively low correlation and large RSE.
The relationship between JAS LE and albedo is shown in Fig. 10 (the corresponding RSE and correlations are shown in Table 3 ). The UCLA-AGCM and HadGEM models show a fairly direct link with the absolute value of the correlations exceeding 0.87 and relatively low values of RSE (with the HadGEM having the lowest value overall of 0.14 mm day −1 ). The UCLA-GSM also has a fairly high correlation (−0.88), but with a considerably larger RSE than the other two aforementioned models. GMAO and CAM5 have relatively weak correlations. For GMAO, most of the albedo changes occur northward of the region receiving rainfall (thus with non-negligible LE). Thus, for this model, the area with the maximum albedo increase is not co-located with the area of maximum LAI decrease. For CAM5, there is no appreciable relationship between changes in LE and the albedo. Like LAI, changes in albedo will cause changes in LE, which can translate into changes in rainfall since albedo reductions are proportional to the reduction in the surface enthalpy flux. Thus for relatively low albedo changes, the signal is more noisy. But note that for this model, the JAS LE is considerably less (roughly half) than that for the other models within the part of the LULCC zone receiving rainfall (see Fig. 5 ): this will be discussed further in the next section. The next step is to see how the changes in surface parameters translate to the WAM, notably the rainfall.
Impact of LULCC on the WAM rainfall
The change in the JAS average rainfall (mm day ) and the contours of the 95 % confidence level for a two-tailed student t test for each GCM are shown in Fig. 11 . The average JAS rainfall relative changes averaged over the LULCC zone are shown in Table 2 . The corresponding NT05 and NT10 p values are shown in Table 4 . In general, the impact of prescribing LULCC has a notable impact on the peak WAM season rainfall. For the UCLA GCMs, rainfall changes are between 20 and 24 % of the total 3 month rainfall over the region with LULCC. A precipitation dipole can also been seen with large increases in rainfall over southern Niger and Cameroon, associated with a shift of the core of the monsoon rain to the south. But the area of increased rainfall which is statistically significant is very small in the two models, so the most robust signal relates to the rainfall decreases. The HadGEM also has similar rainfall decreases in the Sahel, but without a precipitation dipole. In this model, the CTL WAM core is further to the south than in the UCLA models near the southern coast of West Africa, thus the monsoon can not shift much further southward. The LULCC essentially weakens the monsoon and reduces rainfall locally (peak rainfall decreases are collocated with the reduction in Rnet and LE). The GMAO has the southernmost WAM precipitation, and the overall effect of LULCC is to weaken the peak rainfall. Note that the peak rainfall reduction is significant, 2-3 mm day
, and the area of statistical significance is collocated with the peak decrease in LAI (Fig. 3d) . Thus, it is the change in surface fluxes leading to the change in rainfall over this region, rather than the reverse. CAM5 has the most evident dipole pattern (a significant shift of the WAM southward). Thus, the magnitude of the southward shift of the WAM rainfall in the GCMs depends on the position in the CTL experiment, i.e. the model's climatological WAM precipitation spatial distribution, and the shift is of course, limited by the southern West African coast. In all models, the overall WAM rainfall was reduced owing to LULCC (see Fig. 11f ). The multi-model ensemble average rainfall change is shown in Fig. 11f , and the results are statistically significant (to a confidence level of 95 %) for the largest areas over the central and western Sahel, and there is a smaller area over the southern portions of Ghana. A few smaller areas appear outside of the LULCC region, notably over Uganda and Kenya, but for the most part, the statistically significant reductions occur over the zone of LULCC. The NT05 p values are less than or equal to 0.03 for three of the models (UCLA-GSM, CAM5, and HadGEM) indicating significance. The UCLA-GSM p value is slightly larger at 0.06. Only the GMAO results are not significant (NT05 and NT10 p values of 0.12 and 0.20, respectively), indicative of the relatively weaker impact of LULCC. The multi-model ensemble, GCMA, is quite significant with p values of 0.01. The relatively local decreased precipitation response to reduced LAI is also consistent with the results of Kang et al. (2007) over West Africa.
The meridional profiles of the JAS average rainfall averaged over 2 contiguous regions (both 10° in longitude) are shown in Fig. 12 . The reduction of the peak rainfall is seen in the UCLA models, especially in the western region (Fig. 12a) , which is the location of the most extended (reaching the southern West African coast) and largest LULCC: the UCLA GSM and AGCM have peak reductions in rainfall of approximately 25 and 30 %, respectively, over this region. The remaining models have decreases of about 10-15 %. The CAM5 decrease is confined to the area encompassed by LULCC in the western region (Fig. 12a) , but a more significant southward shift of the monsoon rains occurs to the east (Fig. 12b) . The two UCLA models also show a slight southerly shift over the eastern area, but to a lesser extent than CAM5. The GMAO peak, however, does not shift southward and there is a reduction of rainfall confined to the south of the LULCC area, again, associated with the region with the largest reduction in LAI. Finally, the HadGSM has a decrease in rainfall along the entire transect, but it is the largest over and just south of the area with LULCC. Nicholson and Grist (2001) studied the rainfall anomalies from 1920 to 1997 and identified four modes, two each for wet and dry conditions in the Sahel. Relatively dry years without a dipole pattern correspond to a weakening of the monsoon intensity, while those years with a dipole pattern correspond to a southward shift of the monsoon. A rainfall anomaly dipole pattern is seen in three models (UCLA-GSM, UCLA-AGCM and CAM5: Figs. 11, 12) with a ) for all grid points within the LULCC zone ( Fig. 1) for each GCM. Regression lines are shown in red, and the slope and intercept are given latitudinal shift similar to the findings of Nicholson and Grist (2001) , however, it is only statistically significant for the CAM5 model (Fig. 11) . The multi-model ensemble shows a statistically significant weakening over most of the LULCC region ( Fig. 11) with only a weak rainfall anomaly dipole which is not statistically significant. The next step is to examine any relationship between the surface parameter and rainfall changes in order to see how changes in surface fluxes translate to the atmosphere. The relationship between, dRainf, and dLAI is shown in Fig. 13 (the RSE and correlations are shown in Table 3 ). The correlations between dLE and dLAI (Fig. 9) are, as expected, lower and the RSE is larger since the effect is more indirect. The UCLA-GSM has a considerably weaker correlation and larger RSE, however, there is a more significant relationship for this model with the albedo change. The UCLA-AGCM has a higher correlation (0.65): since the land surface models and physiography are the same between these two GCMs, this implies that rainfall changes are co-located with LAI changes more owing to atmospheric processes. The GMAO and HadGEM models have the lowest RSE, but fairly moderate correlations of 0.58 and 0.46, respectively (with slightly lower correlations compared to those between dLE, and dLAI). In contrast to the other four models, CAM5 has a negative correlation (as is also the case for dLE and dLAI, with nearly the same values). This results primarily because the monsoon shifts southward for this model (so that biogeophysical parameter changes are not co-located with rainfall changes). In terms of the relationship between dRainf, and dalbedo (Fig. 14) , the UCLA-GSM and UCLA-AGCM models have the largest RSE, but moderate values of correlation (−0.63 and −0.67, respectively). Note that the HadGSM has the lowest RSE and the largest (negative) correlation (−0.84) between dRainf, and dalbedo, which is consistent with the analyses presented in the previous sections. GMAO has among the lowest correlations (0.37) among the models which is also positive (in contrast to the other models), and this is primarily due to albedo changes occurring mainly outside the region of active rainfall. CAM5 has a correlation of the same sign as the other four models but a relatively low value (−0.37) owing to a more spatially heterogeneous change in albedo ) verses the corresponding change in albedo for all grid points within the LULCC zone (Fig. 1) for each GCM. Regression lines are shown in red, and the slope and intercept are given (along with relatively lower changes compared to the other models) along with the shift in the WAM position, both of which contribute to the weaker relationship.
The relationship between dRainf, and dLE is shown in Fig. 15 . As one might expect for West Africa, there is a relationship between these two variables (implying generally water-limited conditions over the region where LULCC has been imposed), however, determining cause and effect is a challenging task. It is, however, of interest to note that in three of the models (UCLA-GCM, UCLA-AGCM and GMAO), precipitation decreases are 30 to over 100 % larger than the corresponding evaporation decreases. Therefore, the reduction in LE has a significant influence on the moisture convergence for these models. In the HadGEM model, the RSE is by far the lowest among the models and the slope of the regression is close to one. Since the change in surface albedo (which dominates the Rnet change) explains most of the LE change, then this implies that dalbedo (via dLE) is the main factor causing the dRainf. In contrast, GMAO precipitation changes owing to both dLE and dLAI are very consistent in terms of both RSE and correlation, although the decreases in precipitation are more than double those seen in LE, thus the feedback mechanism is more complex. CAM5 has among the largest RSE values and the lowest correlation owing to a generally lower magnitude impact of LULCC on the biogeophysical parameters and the less local nature of the changes (the shift of the monsoon). Thus, even though the impact on the rainfall is less than for the other GCMs in the absolute sense, small changes in the LULC cause a large shift in the monsoon location for this model. Thus the impact seems to be less local in this model than in the others.
The meridional gradients of the surface turbulent fluxes, which are modulated by the near-surface conditions, are intimately tied to one of the key features of the WAM: the AEJ (e.g. Cook 1999 ). The impact of LULCC on the air temperature and zonal winds is shown in Fig. 16 . The JAS average air temperature and zonal component of the wind speed (u) have been averaged over the longitude band from −10° to 10° E, and are shown as a function of pressure and latitude. Temperature changes (LULCC-CTL values) are color contoured. The impact of LULCC is most readily seen as a warming of the lower atmosphere in four of the five models (Fig. 16a-d ), but the magnitude ), for all grid points within the LULCC zone (Fig. 1) for each GCM. Regression lines are shown in red, and the slope and intercept are given differs considerably among the GCMs. The largest warming occurs for the models with the most significant LAI decrease in this region (the UCLA GCMs). As mentioned previously, despite the larger albedo under LULCC, the reduction in LAI (and corresponding increase in the Bowen ratio) has resulted in a statistically significant increase in H for these two models (Fig. 8a, b) over this region. The GMAO model also has a statistically significant increase in H (Fig. 8c ), but since LAI changes are relatively less than that for the UCLA models (compare Fig. 3a, b) , the H increases are lower leading to less atmospheric warming. The HadGSM has relatively small increases in H (<5 W m −2 on average) and thus the warming (Fig. 16d ) is the least among the four aforementioned models. And the modest increases in H were not statistically significant for this model. Finally, the CAM5 model changes in H are so weak such that there is essentially no warming of the lower atmosphere in this region. Again, the behavior of this model is quite different from the others owing to the CTL position of the monsoon. Thus, the only models which show warming and are statistically robust in terms of H are the UCLA and GMAO models. Newell and Kidson (1984) showed that for years with relatively dry (and warm) conditions over the Sahel, the easterly winds between 850 and 700 hPa typically increase over this region (−10-10 E) between 0° and 20° N latitude. However the simulated differences here are considerably smaller than those reported in Newell and Kidson (1984) for the month of August by up to several m s −1
. In addition, Nicholson (2008) showed that the AEJ is shifted southward for relatively dry years. The three models with statistically significant H increases show a dipole pattern in the u-component wind change (Fig. 16a, b ) which is consistent with a southward shift in the AEJ, although again, the wind speed changes are relatively modest. Newell and Kidson (1984) also show an increase in upper level westerlies, and both UCLA models show increases with peak values on the order of 1-2 m s −1 south of 5°-10° N at about 300 hPa, which is consistent with the Newell and Kidson (1984) 200 hPa analysis. The HadGSM also shows both the low and upper level features, but because the warming in the lower atmosphere is not linked to a statistically significant increase in H, we have less confidence in this result. Finally, the CAM5 model is similar with respect to the upper level winds, however, the other features (heating and lower level winds) do not fit this model. Thus, only two models (UCLA) have both the lower and upper level difference features described by Newell and Kidson (1984) for a relatively dry year and the strongest lower atmospheric warming resulting from statistically significant H increases. These two models have the most significant impact on albedo and LAI, thus, it seems a certain threshold of LULCC is required to obtain a signal in terms of the atmospheric circulation, and this signal is consistent with relatively dry years.
Sensitivity tests
The discussions above show that although the models have substantial differences in their response to the LULCC, they show a general agreement that LULCC which occurred over the prescribed time period has a positive impact on Sahel drought. In previous LULCC multi-model studies, it has been shown that models have difficulties reaching a consensus view of the impact, part of which is due to the difficult task of prescribing LULCC in a consistent manner among different models (Pitman et al. 2009) . A similar situation was faced in the early phases of this experiment. In the initial simulations with GMAO and HadGEM, the vegetation type changes based on the classification tables in their respective models only resulted in relatively small changes in one or more of the three key biogeophysical parameters (notably LAI and albedo) which were significantly less compared to the other GCMs, despite adherence to the WAMME guidance. As an example, the initial albedo JAS changes for GMAO and HadGEM are shown in Fig. 4c , e, respectively (compared to the final values for a stronger impact of LULCC shown in Fig. 4d , f, respectively). In this section, results from the simulations for GMAO and HadGEM using the parameter values corresponding to a weak change in biogeophysical parameters are presented and compared to those corresponding to the stronger changes used in the analysis presented in Sects. 3.1-3.3. The main goal of these experiments is to highlight that the application of a common protocol for LULCC can induce big differences in the atmospheric response if the biogeophysical impact is not similar despite the appearance that the models had similar LULCC.
The experiments with the relatively weak change in vegetation parameters are labeled as LULCCw. The average JAS rainfall differences between Exp. LULCCw and Exp. CTL are shown in Fig. 17 (as a reference, compare to Fig. 11c, d ). In addition, the rainfall change averaged over the LULCC zone for these two models are shown in the last two rows of Table 2 (labeled GMAO-w and HadGEMw). The main difference between the GMAO LULCC and LULCCw model runs is that the albedo is almost unchanged in the central and northern Sahel (Fig. 4c) and the LAI is slightly decreased. In the northern Sahel, the relatively small decreases in LAI with no appreciable decrease in albedo leads to an increase in rainfall compared to the CTL case owing to an increase in sensible heating leading to more convection. In contrast, to the south (where water stress is significantly less), the relatively larger decrease in LAI leads to lower evapotranspiration and moisture convergence, thus less rainfall. The result is a precipitation dipole, which is the opposite of the other models but is more related to a longitudinal flattening (weaker meridional gradient) of the monsoon rains than a southward shift in this model. But as in the LULCC experiment, the only region with a statistically significant change (at the 90 % confidence level) is over southern Ghana where the LAI change is the largest (Fig. 17a) . The overall rainfall change within the zone of land cover change is essentially offsetting: the JAS LULCCw-domain averaged rainfall changes (increases) by only 1 % (Table 2) . For the HadGEM, it was shown in the previous section that the reduction in Rnet (albedo) directly reduced the LE and the rainfall (by nearly one-to-one). In the LULCCw experiment, the albedo change was substantially weaker than in the default LULCC simulation. This resulted because the soil albedo was prescribed using present day observations, which were then inconsistent with the vegetation degradation. The main impact of this difference is that there is almost no change to the rainfall (a JAS LULCCw domain average decrease of 3 %, compared to 25 % in the LULCC run: see Table 3 ). This result is entirely consistent with the close coupling between Rnet and rainfall found for this model. There is a thin band of reduced rainfall along the north-central Sahel.
In this region both the sensible and latent heat fluxes are slightly lower, which seems to be mainly a result of the lower vegetation density. But the biogeophyiscal parameter change is sufficiently weak in the LULCCw experiment so that there is virtually no statistical significance (at the 95 % confidence level) within the Sahel (Fig. 17b) . These results underscore how LULCC impacts different LSM parameters, and then can potentially have a significant impact on a coupled system, such as the WAM.
Discussion and conclusions
The goal of the present study is to explore the impact of LULCC on the WAM using a strong but feasible degradation methodology with a suite of five GCMs. The overall impact of LULCC on the WAM for the 5-year simulation herein can be summarized as follows:
1. Reducing the LAI increases the Bowen ratio in regions where transpiration and evaporation from intercepted canopy water are occurring. In all of the regions where LAI (and evaporation) decreases (above some relatively low threshold), the rainfall also decreases. This response is common to all the models. Therefore in such regions, resulting decrease in LE is the main cause for reduced rainfall, rather than the reverse. 2. The increase in albedo reduces the net radiation, thus the energy available for the turbulent surface fluxes are also decreased, but the partitioning of this energy loss is modulated by the LAI change. In models with moderate LAI changes, latent heat flux is reduced during the wet season in regions receiving rainfall. For models with large LAI changes, the reduction in latent heat can exceed the reduction in net radiation caused by the albedo change (owing to large changes in Bowen ratio), thus the sensible heat flux increases. In the dry season or in dry regions (north of the area receiving rainfall), the increase in albedo (reduction in surface net radiation) translates nearly directly into a decrease in sensible heat flux (and there is little to no impact on overall monsoon rainfall). 3. The model specific simulated WAM location influences the impact of the LULCC. The models with the WAM (defined here as the zone with peak JAS rainfall) located furthest to the north (CAM5) experienced a shift in the overall monsoon position owing to LULCC. This feature is seen as a statistically significant (at the 95 % confidence level) JAS precipitation difference dipole pattern. Two other models (with monsoons located further south) also had a dipole pattern, but rainfall increases were not statistically significant. But the main (and statistically robust) impact in all of the models is a lowering of monsoon rainfall within the LULCC zone: the CAM5 was the only model for which this effect extended outside of this zone (to the north). For the models with a more southerly peak monsoon rainfall (HadGEM and GMAO), there was essentially no southward shift and only a rainfall reduction. 4. In this WAMME study, the goal is to favor consistent changes in the values of the biogeophysical parameters over changes in a particular model's LULC, since how vegetation classes and their associated parameter values are defined can vary tremendously between different models. Collaborations were engaged with each modeling group in order to ensure the LULCC experiment not only had a consistent change in the spatial distribution of LULCC and the vegetation types, but also in terms of the vegetation characteristics and parameters, which provide the real forcing at the land surface in the LULCC experiment. But despite these efforts, this remains a challenging task mainly owing to how LULC and the associated biogeophysical parameters are defined in the models.
The impact of LULCC in a single GCM can be quite different from other models in this region owing to several factors. The first is the simulated WAM intensity and location. Most GCMs have continued difficulties simulating the spatial dimensions, temporal evolution, triggering and strength of these systems (e.g.s Hourdin et al. 2010; Roehrig et al. 2013) . These results highlight the need for improved multi-model experiments in order to progress on the understanding of LULCC, and for further improvement of the simulation of monsoon systems. In the WAMME I experiment, substantial evaluations of the WAMME models' performance in simulating the WAM and the surface energy and water balances were made (Xue et al. 2010a; Boone et al. 2010) , which provide the base for the WAMME II experiment. The second factor is that the coupling strength is known to be highly variable among models for the same region (Koster et al. 2004) , and there is a need to improve the understanding of land/atmosphere interaction using observations (Dirmeyer et al. 2009; Taylor et al. 2012a, b) . This region has been highlighted as a region with strong surface-atmosphere coupling (Xue et al. 2010b) since it is in a water-limited transition zone (between arid and wet regions) with a considerable convective rainfall component, and thus it is not surprising that the modeled WAM is sensitive to changes in the surface properties. The third factor is how LULCC is applied (in a relatively consistent manner for multiple models), and how a given LULCC impacts the biogeophysical surface parameters. In broad agreement with the findings of Pitman et al. (2009) and de Noblet-Ducoudré et al. (2012) , the effect of LULCC varies considerably among the models, even though an attempt has been made to harmonize the LULCC as much as possible by selecting a relatively simple implementation. LSMs tend to have highly model specific physiographic databases, which have been implicitly tuned to some extent within coupled model systems to the extent that swapping physiographic databases between two different LSMs will likely lead to different climatological features in coupled GCM models. Also, the different approaches to representing the surface features (dominant class, aggregated parameters, explicit tiles for each class present in a GCM grid cell, and the number of classes) can lead to differences in the strength of LULCC for a given grid cell or region. For example we found that the dominant class schemes have a more dramatic LULCC effect than seen in the tile schemes. This underscores the importance of the LSM (and LULCC) implementation.
The present study shows that the LULCC change induces a mostly local effect consistent with the findings of Pitman et al. (2009) , as seen in the correspondence between evaporation, net radiation and the precipitation. The first order impact of LULCC was to change the surface fluxes within the LULCC zone, as expected. All of the models had statistically significant changes in surface fluxes over the region of LULCC at the 95 % confidence level. However, the degree to which each of the fluxes was affected varied among the models. For one model, HadGEM, the albedo changes translated directly into an evapotranspiration reduction, which directly impacted (reduced) the rainfall. In two other models (UCLA-GCM and UCLA-AGCM), the albedo reductions again resulted in reduced latent fluxes, but these were co-located with LAI reductions that translated into increased sensible heat flux. In the GMAO model, the biggest albedo changes occurred outside of the main area receiving monsoon rainfall, thus LAI changes were the biggest factor in reducing rainfall. The albedo increase seemed to have relatively little impact when it occurred north of the area receiving rainfall. Three of the models had precipitation dipole patterns related to a decrease in rains within the LULCC zone and a smaller area of increases with a peak located over Cameroon. But the model with the strongest and statistically robust dipole, CAM5, had a large shift of the monsoon rains to the south. This model also has a CTL core monsoon position further north than the other models, and it is the only one that shows a substantial shift in the monsoon position although the impact is still the largest within the LULCC zone. The local link between the rainfall changes and the surface fluxes is more difficult to establish for this model. But note that, as mentioned in Sect. 3.2, the LE is nearly half of that of the other models in the active rain area within the LULCC zone, and this flux is one of the key linkages involved in the coupling of rainfall with the surface at seasonal scale (Xue et al. 2010a; Dirmeyer 2011) . Further work needs to be done to determine if this result occurs because this model has a different coupling strength with the atmosphere than the other models. The JAS average rainfall decreased over the LULCC zone (encompassing the Sahel and Ivory coast) by 4-25 % among the models owing to LULCC. The rainfall reductions were almost entirely confined to the LULCC zone except for some rainfall changes which occurred a certain distance downstream of the coast over the eastern Atlantic. This impact was found to dampen out fairly rapidly with increasing distance from the West African coast. In three of the models, the reduction in rainfall was larger than the reduction in evapotranspiration, so that the reduction in moisture convergence was considerably larger than decreases in evapotranspiration. In four of the models, an increased meridional temperature gradient in the lower atmosphere in the LULCC experiment was caused mainly by a decrease in LAI (corresponding with a Bowen ratio increase) generally leading to a the southerly shift of the AEJ (but again, the degree of this shift was also related to the CTL position). Thus, changes in the atmospheric circulation also play an important role (e.g. Xue 1997) . This is essentially a pilot multi-model study for obtaining a better understanding of the effects of LULCC over West Africa. A small number of GCMs, climatological SST forcing resulting in a multi-year ensemble, and a relatively simple methodology for representing LULCC were used in order to focus on elucidating the first order physical mechanisms. This study is an extension of previous LULCC studies in that special attention has been made to have a consistent biogeophysical response (in terms of land surface parameters). In addition, based on these results, it can be inferred that the use of climatological land cover can lead to inconsistencies and errors in GCM studies for West Africa, given the high sensitivity to the surface properties in this region which have a large interannual variability, notably the LAI. Inconsistencies can also arise between locations where LULCC is imposed and those of the simulated monsoon (thereby potentially influencing the magnitude of the impact of LULCC). One way to address this issue is to use GCMs that include interactive vegetation schemes within the LSMs (e.g., Wang and Eltahir 2000; Zhang et al. 2015) , but such models are still rapidly evolving and they add an additional degree of freedom to the coupled system (it is not clear whether including such feedbacks will dampen or amplify the signal). It is suggested that future multi-model LULCC studies over west Africa include this component at least as a part of sensitivity tests. In terms of the observable impacts of LULCC, there is evidence from satellite data that the Sahel has experienced, on average, a re-greening over the last few decades, and this signal is probably mostly related to a modest recovery in rainfall (Dardel et al. 2014) . However, local areas more susceptible to soil degradation (such as those characterized as shallow, sandy soils) have shown a reduction in vegetation cover. In addition, several studies have suggested that the recent expansion of irrigation in Northwest India and Pakistan could be having deleterious effects on monsoon precipitation (Douglas et al. 2009; Saeed et al. 2009; Tuinenberg et al. 2012; Guimberteau et al. 2012; Wei et al. 2013) . With more LULCC data available from different sources showing substantial values in past decades (e.g. Hurtt et al. 2011; Kim et al. 2014 ) in addition to experience gained from previous multi-model studies (Pitman et al. 2009; de Noblet-Ducoudré et al. 2012) , LULCC effects within the monsoon system can be more realistically assessed with ensemble runs in parallel with offline LSM simulations with different LULCC scenarios (ranging from weak to strong degradation) in an effort to better quantify the changes in surface parameters required to produce an atmospheric signal (e.g. Xue and Dirmeyer 2015) . Finally, it is suggested that future work should be undertaken to evaluate whether the sign and strength of the feedbacks between the surface and the atmosphere simulated by large scale atmospheric models are consistent with observations (Taylor et al. 2012a, b) .
